In Brief
Tsuboi et al. investigate the spatiotemporal evolution of cell turnover during cell competition. Winner cells compensate for the space of losers' apoptosis by rapid cell expansion through re-connection of local cellular connectivity (topology). This topology dynamics may drive the pathological development initiated from an oncogenic mutation.
SUMMARY
During the initial stage of tumor progression, oncogenic cells spread despite spatial confinement imposed by surrounding normal tissue. This spread of oncogenic cells (winners) is thought to be governed by selective killing of surrounding normal cells (losers) through a phenomenon called ''cell competition'' (i.e., supercompetition). Although the mechanisms underlying loser elimination are increasingly apparent, it is not clear how winner cells selectively occupy the space made available following loser apoptosis. Here, we combined live imaging analyses of two different oncogenic clones (Yki/YAP activation and Ras activation) in the Drosophila epithelium with computer simulation of tissue mechanics to elucidate such a mechanism. Contrary to the previous expectation that cell volume loss after apoptosis of loser cells was simply compensated for by the faster proliferation of winner cells, we found that the lost volume was compensated for by rapid cell expansion of winners. Mechanistically, the rapid winner-dominated cell expansion was driven by apoptosisinduced epithelial junction remodeling, which causes re-connection of local cellular connectivity (cell topology) in a manner that selectively increases winner apical surface area. In silico experiments further confirmed that repetition of loser elimination accelerates tissue-scale winner expansion through topological changes over time. Our proposed mechanism for linking loser death and winner expansion provides a new perspective on how tissue homeostasis disruption can initiate from an oncogenic mutation.
INTRODUCTION
Primary tumors originate from a single transformed cell containing oncogenic mutations despite being spatially confined by surrounding normal tissue. It is increasingly apparent that oncogenic cell spread within tissue is driven not only simply by a higher rate of proliferation, but also by a phenomenon called ''cell competition'' [1, 2] . Cell competition is a process in which ''winner'' cells take over the tissue at the expense of neighboring ''loser'' cells [1] [2] [3] [4] [5] [6] [7] . When oncogenic mutant cells act as winners, the mutant cells eliminate surrounding normal wild-type cells by inducing apoptosis, and thus spread their territory. Because inhibiting loser apoptosis is sufficient to halt winner spread [1, 2, 5, 8, 9] , loser apoptosis seems to play an active role in promoting winner spread within the tissue. However, it is unclear how loser apoptosis impacts surrounding cells to produce selective occupation by winner cells.
Cell competition can be considered as processes of destruction (loser apoptosis) and reconstruction (winner takeover) of the epithelial tissue structure [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Epithelial tissue consists of a sheet of tightly packed cells connected with adhesive junctions. This local cell-cell connectivity (''cell topology'' [21, 22] ) is represented by a distribution of the number of sides (adherent neighbors) of each cell. Because the side number positively correlates with the apical surface area (known as Lewis's law conserved in epithelial tissue [22, 23] ), topological change is associated with cellular expansion or contraction. In the case of cell competition, the topology of neighboring cells could be changed through loser cell delamination or extrusion, which associates consecutive junctional remodeling (cell intercalation) between a dying cell and its surviving neighbors [7, 24] . Topological change driven by loser elimination might therefore allow winner cells to spread with increasing their side number. This idea prompted us to investigate whether cell topology changes in the vicinity of apoptotic cells contribute to winner takeover during competition.
Using generalized mechanical simulations and in vivo imaging of Drosophila oncogenic clones, we show when and how winner cells selectively expand to compensate for local tissue volume loss after apoptosis of a loser cell. Following induction of locally overgrowing winners, slowly dividing normal cells adjacent to rapidly dividing winners show anisotropic distortion, as reported previously [25] [26] [27] [28] . Immediately following apoptosis of the anisotropic normal cell, the space previously occupied by the apoptotic loser cell was filled by rapid cell expansion of adjacent winner cells. The winner cell expansion was unexpected, because previous studies mostly focused on cell division as the compensatory mechanism to fill space (e.g., ''compensatory proliferation'') [17, [29] [30] [31] [32] . As a mechanism underlying this compensatory cell expansion of winners, we found that apoptosis of anisotropic losers adjacent to winners causes directionally biased cell intercalations, which re-establishes local cellular connectivity (cell topology) in a manner that selectively increases the apical surface area of winners. Importantly, such topological dynamics were verified with in silico and in vivo experiments in two different oncogenic genotypes (activated-Yki and Ras), where the overgrowing oncogenic population triggers apoptosis in surrounding wild-type cells. Furthermore, repetition of topological changes through the apoptosis of losers in immediate contact with winners, as observed in many cell competition systems [33] , accelerates the tissue-scale expansion of winners in silico. Such rapid cell turnover via topological changes may disrupt tissue homeostasis to facilitate tumor initiation.
RESULTS

Differential Proliferation Induces Local Anisotropic Distortion in Slower Dividing Cells at the Clone Boundary and Compression in Faster Dividing Cells
To examine the cellular interaction during cell competition from a geometric perspective, we induced clones of GFP-expressing Hippo pathway mutant cells (winners; wts
X1
) that rapidly proliferate and outcompete surrounding normal cells (losers; wild-type) in Drosophila wing discs [6] . Quantitative image analysis of apical cell shapes revealed two geometric alterations. First, wild-type cells directly adjacent to wts X1 clones showed significantly larger anisotropic distortions ( Figure 1A , orange) than those directly adjacent to wild-type control clones ( Figure 1A , blue and 1B; see STAR Methods for the fly strains and cell anisotropy definition), which was consistent with earlier reports [26, 27] . Second, the apical cell area of wts X1 clones was smaller than that of wildtype clones ( Figure 1C ), indicating that Hippo pathway mutant cells surrounded by wild-type cells are packed at a higher density.
We next examined whether the ectopic induction of overproliferating cells was sufficient to cause these two geometric alterations ( Figures 1B and 1C ) in the vertex model. The vertex model is widely used to study mechanical deformation of multicellular tissue in response to cell bond tension and apical area contraction [22, [34] [35] [36] [37] (Equation 1 in STAR Methods, Figures S1A and S1B). We introduced two clonal cell populations with different division rates into the model ( Figures 1D and S1C) . We confirmed anisotropic deformation of slower dividing cells localized at the clone boundary ( Figures 1D, middle, 1E , and S1D), which is consistent with the wild-type cells directly adjacent to the wts X1 clone in the Drosophila experiment ( Figure 1B) and earlier simulation studies [26, 28] . In addition, faster dividing cells were smaller than surrounding slower dividing cells ( Figures  1D bottom, 1F , and S1E), similar to the wts X1 cells in the Drosophila experiment ( Figure 1C ). These results were consistent irrespective of different mechanical parameter values (Figures S1F and S1G) or formulations (another often used type Equation 2; Figures S2A-S2C ). These deformations were never observed when two cell populations had identical division rates ( Figure 1D , leftmost), and they were more apparent with greater differences in cell division rates ( Figures 1E and 1F ). These simulations suggest that differential proliferation rates are sufficient to reproduce two geometrical alterations in the Drosophila epithelium ( Figures 1B and 1C) . We also examined the anisotropic cell deformation in the setting of differential tension between clonal and non-clonal cells since juxtaposition of wild-type and aberrant cells often affect junction mechanics [38, 39] . In silico experiments with all tension conditions showed that slower dividing cells at the clone boundary always exhibited higher anisotropy than those with identical proliferation rates ( Figures S3A-S3C ), demonstrating that differential tension does not have considerable influence on the cell anisotropy. Consistently, in vivo observation showed that the wild-type cell anisotropy beside clone was maintained even under modulation of junction contractility or adhesion in Hippo pathway mutant clones (Figures S1H and S1I). Collectively, these results suggest that localized over-proliferation induces anisotropic deformation in slower dividing cells at the clone boundary under differential tension.
Winner Cells Expand into Spaces Originally Occupied by Apoptotic Loser Cells with Higher Cell Anisotropy
Live imaging of cell competition was performed [7, 13, 16, 18, 20] in the Drosophila pupal notum to examine how space previously occupied by apoptotic loser cells is replaced. We induced faster dividing winner clones overexpressing an activated Yki (UAS-yki S111A,S168A,S250A :V5; hereafter called Yki clones) [40] , a transcriptional co-activator that acts downstream of the Hippo pathway (Figure 2A , left; Video S1). We observed that wild-type loser cells near Yki winner clones progressively took on anisotropic shapes (Figures 2A, right , and S1J), especially those between the Yki Clone-boundary-oriented cell anisotropy of apoptotic cells before death Normalized edge length Cell intercalation probability [7, 20] , which drive localized overgrowth through promoting proliferation or cell growth. The compensatory cell expansion of winners following apoptosis was unexpected considering the accepted hypothesis that lost territory is replaced as a result of winner-cell proliferation [29] [30] [31] [32] . Moreover, we found that the winners' expansion was mediated by the anisotropic deformation of dying loser cells ( Figure 1) ; the acquired area of Yki or Ras V12 winner cells positively correlated with anisotropy of dying loser cells ( Figures S4A and S4J ) that were oriented in parallel to the clone boundary (hereafter we call ''clone-boundary-oriented anisotropy''; Figures 2J-2L and S4J).
We then applied a vertex model to determine whether winners used cell expansion to compensate for the volume lost after apoptosis of anisotropic loser cells. We incorporated apoptosis into the simulation based on the following experimental observations ( Figure 2 ): (1) the target of apoptosis was slower dividing cells directly adjacent to faster dividing clones, (2) dying cell removal was induced by junctional loss due to sequentially introduced cell intercalations [7, 24] from the shorter edges of dying cells ( Figure 3A ; Video S3, see STAR Methods for apoptosis in simulations). Consistent with our previous experiments, the surrounding winner cells dominated expansion following apoptosis ( Figure 3B ). This winner-cell expansion was repeatedly observed in independent simulations that separately induced apoptosis in each individual loser cell at the clone boundary under differential proliferation rates, but it did not occur in the setting of identical proliferation rates (Figures 3C and S5A) . This winner-cell expansion was consistently observed in several different model setups (formulation [Equation 2; Figure S2D ], delamination process , and differential tension conditions in clonal and non-clonal cells [ Figure S3D ]). Moreover, consistent with in vivo experiments, the rapidly dividing winner cells increasingly expanded as clone-boundary-oriented anisotropy of dying loser cells increased ( Figures 3D, S2E , and S3H). We note that the rapid proliferation of winners in itself was not directly involved in the compensation process following apoptosis, because winner cells took over the territory of apoptosis despite ceasing all cell proliferation during the apoptotic simulation ( Figure S3J ). Therefore, we concluded that the emergent property under differential proliferation (i.e., local anisotropic distortion of apoptotic loser cells [ Figure 1 ]), rather than differential proliferation in itself, has a key role in the compensatory expansion of winner cells.
Local Topological Change near Apoptosis Accompanies Winner-Dominated Cell Expansion
We then focused on cells immediately adjacent to an apoptotic cell to examine their contribution to winner-dominated cell expansion, because the territory lost to apoptosis was primarily occupied by the immediate neighbors, and cells located more than two cell distances away from the apoptotic cell acquired much smaller area ( Figure S3I ). We initially hypothesized that rapid winner-cell expansion was the result of a local compression difference between winner and loser cells surrounding the apoptosis (compression hypothesis; Figure 4A ), because more compressed cells ( Figures 1C and 1F ) may generate stronger outward pushing forces that are enough to increase their cell area. To address this hypothesis, we tested whether compressed smaller cells adjacent to apoptosis were more likely to expand than larger cells. This hypothesis, however, seems not to be the case, because we observed that the cell area before apoptosis and their acquired area after apoptosis only correlated determined whether intercalation occurred (probability = 1) or not (probability = 0) (see more details in Figures S4F-S4I ). Each black point represents data calculated from a single cell intercalation event. Red dots represent binning of the averaged cell intercalation probability for every 0. weakly, both in silico ( Figure 4B ) and in in vivo experiments with Yki and Ras V12 ( Figures 4C and 4D ). Additionally, in simulation, winner cells still took over the territory of apoptotic losers even if the tissue-scale pushing forces globally generated by release of winner-clone compression was suppressed during apoptosis by reducing the pressure parameter of all cells in winner clone ( Figure S3J ). These results suggested that local and global compression was insufficient to drive the process of rapid Clone-boundary-oriented cell anisotropy of apoptotic cells before death when apoptosis was independently introduced into all non-clonal cells (white) directly adjacent to clone boundary. Wilcoxon signed-rank test was performed after excluding datasets of outliers (three and four red dots in upper and bottom panels, respectively) detected with the Smirnov-Grubbs test. Subsequent simulation analyses were performed excluding the outlier datasets. compensatory expansion of winner cells, while winner compression was required for anisotropic deformation of loser cells ( Figure 1 ). As another hypothesis that locally mediates expansion, we focused on changes in local cellular connectivity (cell topology) driven by junctional remodeling (cell intercalation) upon apoptosis ( Figures 2C and 3A) . In epithelial cells in non-competitive tissue, there is a positive correlation between cell area and the side number representing local cellular connectivity (Lewis's law; Figure S1B ) [22, 23, 43] . Based on this Lewis's law, an increase or decrease of side/edge number in each cell adjacent to apoptosis would be associated with cell area expansion or contraction (topology hypothesis; Figure 4E ). We first confirmed that both winner (Yki or Ras V12 ) and loser (wild-type) cells in competitive tissues obey this law ( Figures 4I, 4J, S4D , and S4E), similar to non-competitive normal tissue. We then examined the topological changes following apoptosis and found that cells adjacent to apoptosis showed a strong positive correlation between the captured area and change in side number after apoptosis both in silico ( Figure 4F ) and in in vivo experiments with Yki and Ras V12 ( Figures 4G and 4H ). This suggests that cell intercalations during delamination lead to simultaneous increases in the side number and area of winner cells. These results prompted us to further test the topology hypothesis as a possible mechanism for winner-cell compensatory expansion.
Occurrence of Directionally Biased Cell Intercalation upon Apoptosis Correlates with Winner-Specific Increase in Cell Area
To understand how intercalations associated with apoptosis selectively increase winner side number and area, we first analyzed where cell intercalations took place relative to the clone boundary. Pupal notum junctions are reportedly subject to stochastic fluctuations of edge length that trigger cell intercalations by chance as edge lengths decrease to zero [44] . This framework suggests that shorter junctions are more likely to undergo intercalation, and our in vivo observations consistently showed a higher probability of intercalation at shorter edges ( Figures 2E  and 2F ). In anisotropic dying cells caused by differential proliferation rates (Figure 1 ), edges perpendicular to the clone boundary were shorter than other edge types ( Figures 5A-5C , S4B, and S5B; see Figure 5D for edge classification), suggesting that these perpendicular edges were more likely to be eliminated by cell intercalation. Indeed, both in silico and in vivo experiments with Yki and Ras V12 indicated that cell intercalation likely occurred in a manner to eliminate the perpendicular edges (perpendicular intercalation) during anisotropic loser cell delamination (Figures 5F-5H, S2F, S4C, and S5C; see Figures 5D , 5E, and S4F-S4I for the definition of normalized frequency of cell intercalation). Moreover, the increased frequency of perpendicular intercalation during an apoptotic event increased the side number and area of winner cells after apoptosis, but not that of loser cells ( Figures 5O-5Q , S2I, S4M, and S5F). We did not observe this effect for the two other types of intercalation that occurred at boundary and non-boundary edges ( Figures 5I-5N , S2G, S2H, S4K, S4L, S5D, and S5E). Thus, perpendicular intercalation frequency during each apoptosis event uniquely correlates with selective increases in winner side number and occupied area.
Perpendicular Intercalation Directly Drives WinnerCompensatory Cell Expansion
We next asked how the perpendicular intercalation selectively drives winner-cell expansion. Of the four cells involved in intercalation upon apoptosis (one dying cell and three surviving cells; Figure 6A , upper), two surviving cells gain a single side, whereas the other surviving cell and the dying cell each lose a side after an intercalation event. Based on this rule, we comprehensively calculated topology changes (side number) in winner and loser cells for all geometrically possible intercalations (Figure 6A,  table) . For example, in a subtype of perpendicular intercalation (second row from bottom of table in Figure 6A ), a winner cell increases side number by one, whereas each of two loser cells increases or decreases by one, respectively, and therefore these two cancel out the change in side number of losers in total. Notably, all the subtypes of perpendicular intercalation uniquely increase winner-cell side number and area in total, whereas those of boundary and non-boundary intercalations mainly increase for loser cells in total (Figure 6A, table) . In silico experiments were performed to determine whether perpendicular intercalation is sufficient to drive winner-dominated cell expansion. In the simulation, we introduced a directionally biased event of boundary, non-boundary, or perpendicular intercalation upon apoptosis under identical proliferation conditions ( Figures  6B and S5I ) where intercalation is typically unbiased ( Figures  S5G and S5H ). This allowed us to examine the contribution of directionally biased intercalation to winner-cell expansion (topology hypothesis; Figure 4E ) in the absence of winner compression (compression hypothesis; Figure 4A ). By introduction of biased perpendicular intercalation during apoptosis, clonal cells directly in contact with apoptosis consistently increased both their side number and area averaged for each apoptotic event, whereas non-clonal cells in direct contact with apoptosis did not (Figure 6B, right) . In contrast, neither side number nor area of clonal cells increased upon the prioritized induction of boundary and non-boundary intercalations ( Figure 6B , left and middle). This indicates that frequent perpendicular intercalation upon apoptosis directly increases side number and area in winner cells.
Repetitive Topological Change by Perpendicular Intercalation Accelerates Tissue-Scale Occupation by Winners Finally, we examined the long-term topological change upon sequential induction of apoptosis in multiple loser cells at clone boundaries ( Figure 7A ). After simulating repetitive apoptosis where intercalations occur from shorter edges according to in vivo regular rule as shown in Figures 2E and 2F , winner clones took over almost 100% of the total cell area that was lost to apoptosis ( Figure 7D , purple), and consequently, winner cells spread more rapidly than in the absence of apoptosis (middle and left panels of Figure 7B and Video S4; Figure 7C , purple and black). This long-term expansion of winner cells was ensured by stably maintaining anisotropy of loser cells during multiple apoptosis events ( Figure 7E ) in which loser cells that were newly faced with clone boundaries after apoptosis subsequently became anisotropic ( Figure S6 ). Due to the maintenance of a high-degree of cell anisotropy, the frequency of perpendicular intercalation remained high during apoptosis ( Figure 7F ). This allowed winner cells at the outermost layer of the clone
Compression hypothesis
Outward force generated by mechanical compression promotes the expansion of winner cells. persistently increased their side number and area for a long-term during clone development (Figures S7A-S7C) . Additionally, winner cells inside clones (i.e., more than two cell distances away from the clone boundary) also slightly expanded on a longer timescale ( Figure S7E , inside) without changing side number ( Figure S7D, inside) , possibly due to an accumulation of minor relaxations of mechanical compression ( Figure S3I , acquired area of winner cells localized to two-or three cells away from apoptotic cells). We note that this increase in cell area by mechanical relaxation was relatively modest compared to the dramatic area expansion as a result of cell topological change at the clone border ( Figures S7D and S7E) . These results suggest that topological change driven by frequent perpendicular intercalation is still critical for long-term winner-clone spreading. Accordingly, we incorporated random directionality into intercalations associated with apoptosis under differential proliferation rates to assess whether winner-clone spreading is disrupted by the unbiased occurrence of three intercalation types (randomized intercalation; right panels of Figure 7B ; Video S4). We found that clone spreading speed was reduced ( Figure 7C , light-blue) due to equal and simultaneous increases in the side number and cell area of both winner and loser cells (Figures S7B and S7C, bottom panel). As such, the net increase in winner-clone area after loser apoptosis was reduced to approximately 50% of the total area lost to apoptosis ( Figure 7D , light blue), confirming that topological change at the clone boundary significantly contributed to winner-clone spreading.
Because topological change due to apoptosis is limited to cells in direct contact with apoptotic cells, loser death restricted nearby winner clones, as seen in many cell competition systems [33] , would promote winner-clone spreading. We examined in silico whether the restricted death actually improves winner expansion by comparing it to a scenario in which apoptotic cells were spatially scattered in slower dividing cell population. We found winner clones most effectively occupied the apoptotic territory when loser apoptosis was restricted to the clone boundary ( Figures S7F-S7H , up to 1-cell distance). On the other hand, occupation efficiency was reduced when apoptosis had a more scattered spatial distribution ( Figures S7F-S7H , up to 3-or 5-cell distance) and further dropped down to baseline (no apoptosis) when death had a completely random distribution ( Figures S7F-S7H , all slower dividing cells). Collectively, we can conclude that repetitive cell topology changes due to frequent perpendicular intercalation at the clone periphery accelerates tissue-scale occupation by winner cells.
DISCUSSION
It has long been acknowledged that loser apoptosis is limited to within several cell diameters away from winner clones in many cell competition systems [33] . However, it was unclear how this localized apoptosis influences subsequent winner tissue occupation. Here, we showed that localized apoptosis adjacent to the clone boundary efficiently accelerates winner-clone expansion through cell topological changes, indicating that regulating topology might have a major contribution to tissue takeover by winners (Figures 7 and S7) . We also identified the mechanisms underlying these topological alterations ( Figure 7G ): anisotropic loser cells driven by localized overgrowth (Figures 1,  2A , and 2B) undergo apoptosis, producing a non-cell-autonomous increase in the side numbers and areas of surrounding winner cells (Figures 2 and 3 ). This topological alteration was verified with in silico and in vivo experiments in two different oncogenic genotypes (activated-Yki and Ras), which targets different signaling pathways but commonly show overgrowth phenotype. These results indicate their common feature, differential growth, may be the origin of the topological dynamics leading to winner-cell expansion, while Yki can be activated by Ras signaling [45, 46] and winner-cell expansion may be driven at least in part through Yki activation.
We further showed in silico and in vivo that such topological dynamics leading to selective winner expansion is regulated by directionally biased cell intercalation ( Figures 5 and 6) , which occurs as a consequence of perpendicular edge shortening in anisotropic apoptotic cells ( Figures 2E, 2F , and 5A-5C). Although polarized actomyosin-dependent mechanical tension is well known to bias intercalation direction in many morphogenetic processes [47, 48] , the Hippo pathway mutant clone in the Drosophila epithelium did not accumulate myosin II or increase tension at the radial junction (i.e., perpendicular edge) but did at the circumferential junction (i.e., non-boundary edge) of wild-type cells surrounding clones [26, 27] . The compensatory expansion of winner cells upon apoptosis should therefore be achieved by stochastic junction loss at the shorter perpendicular edges rather than greater tension due to active myosin enrichment. 
(legend continued on next page)
In addition to perpendicular intercalation, our theoretical analysis indicates that a specific boundary intercalation subtype increases winner-cell side number and area following apoptosis (top row of table in Figure 6A ). Because the subtype only occurs when all surviving cells involved in the intercalation were winners, it should be frequent when an apoptotic cell shares more sides with winner cells. This situation in which the boundary intercalation subtype is more frequent than perpendicular intercalation might be rare in Yki-or Ras-activating clones with fewer shared sides due to cell sorting [38] , but frequent in Myc-or minutedependent competition, where winner and loser cells actively mix to increase their shared sides [17, 20, 49] . Moreover, regarding the expansion process, intercalation-mediated space filling does not require cell division ( Figure S3J ). This fact is supported by live notum imaging that shows winner expansion even after growth arrest (approximately after time = 28.5 in Video S1). Therefore, intercalation-mediated winner expansion might contribute to the competition scenario without proliferation (e.g., post-mitotic tissue [50] ). Future examination of the relative contributions of intercalation subtypes in various cell competition scenarios would clarify the topological dynamics that lead to selective winner expansion.
Given the knowledge that a striking increase in cell apical area stimulates proliferation through feedback regulation by mechanical signaling pathways in non-competitive tissue [51, 52] , we expected that the dramatic increase in winner-cell area that follows loser apoptosis (Figure 7 ) would facilitate winner proliferation. As such, the increase in cell area by topological change is transformed into the increase in cell number, which could further accelerate long-term clone expansion. It was recently suggested that mechanical or morphological consequences of cell loss affect the division orientation of winner cells, which colonize lost territory [17, 49] . Therefore, examination of the contribution of positive feedback on winner division rate and orientation in silico [36] and in vivo would provide a more comprehensive understanding of winner-clone spreading. Although it was difficult to detect this positive feedback effect on cell division with our live imaging in notum, due to growth arrest during terminal (E) Examples of three types of cell intercalation, which are classified according to the types of disappearing edges (D, inset), in pupal notum. Fly genotypes are the same as in Figure 2A . , J, M, and P; Ras V12 , K, N, and Q). The x axis values are the same as the y axis (F) for simulations and in (G) and (H) for experiments, whereas the value and error bars in the y axis corresponds to y axis in Figure 3D for simulation and a subset of Figures 2K and 2L for experiment. R, Pearson correlation coefficient. See also Figures S2, S3, S4 , and S5. Figure 3A) . After intercalation, side number is reduced by one for one adjacent cell (À1, open circles), but is increased by one for the other two cells (+1, filled circles). Lower: three types of cell intercalation ( Figure 5E ) were divided into six subtypes based on all possible combinations of cell configuration. Total change in side number after intercalation is shown for clonal (green columns) and non-clonal (gray columns) cells. Advantage in cell expansion represents cells with a greater increase in total side number. All topological changes are maintained whenever side number of apoptotic cell is more than 4 before apoptosis. (B) Top, schematic representation of the indicated intercalation types. Lower boxplots, change in side number (upper boxplots) and cell area (bottom boxplots) averaged for each apoptotic event.
Apoptotic simulation was performed with a predetermined order of directionally biased cell intercalation under identical division rate conditions. The simulation setup (except for the directional bias in intercalation) and figure preparation were the same as for Figure 3C lower. Wilcoxon signed-rank test was performed. See also Figure S5 . differentiation, it will be interesting to monitor the contribution of cell expansion to division in actively growing tissue.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
METHOD DETAILS
Immunohistochemistry and fixed-sample imaging Cross and offspring were kept at 25 C until dissection. We used both male and female larvae for experiments. Larval tissues were stained with standard immunohistochemical procedures using rat anti-Drosophila E-cadherin antibody DCAD2 (Developmental Studies Hybridoma Bank (dshb.biology.uiowa.edu), 1:20) and Alexa 647-conjugated phalloidin (Invitrogen, 1:50). Specimens were mounted with 4',6-diamidino-2-phenylindole (DAPI)-containing SlowFade Gold Antifade Reagent (Thermo Fisher Scientific). Images were taken on Leica TCS-SP8 or Zeiss LSM700 confocal microscopes. Images shown in Figures 1A and S1H are sum projections.
Live imaging of pupal notum
Live imaging was performed in the pupal notum rather than the wing disc because the notum does not require ex vivo cultivation and is easy to handle. We used both male and female pupae for experiments. Cross and offspring were kept at 18 C for 7-9 days and then subjected to heat shock at 33 C or 34 C for 30 min to induce somatic clones. Larvae were then kept at 18 C. 78.5-81.5 hr or 94-98 hr after heat shock, white prepupae (WPP) were collected. Collected WPPs were transferred to 29 C to express the UAS-yki S111A,S168A,S250A
:V5 transgene, while WPPs were raised for 8 hr at 18 C and transferred to 29 C to express the UAS-Ras V12 following earlier studies [7] . The pupae were then imaged at 29 C between 15.5-33.5 hr (Yki) or 16-27 hr (Ras V12 ) after temperature shift. Pupae for image acquisitions were prepared using a modified previously described protocol [58] or [59] .
Pupal dissection procedure is as follows:
d Rinse staged pupa with water and dry it on a tissue (e.g., KimWipe). The following procedure is different between protocol [58] or [59] .
(Protocol described in [58] )
d Mount the washed pupa on a glass slide using double-sided tape. Videos of the nota close to the scutum region were taken on Leica TCS SP5 or SP8 confocal laser scanning microscopes. Z stacks (0.8 mm/slice) were taken every 4 min. Images shown in Figures 2A, 2B, 2C , 4I, 5E, S4D, and S4F and Videos S1 and S2 were maximum projections. For Figures 2B and S4D , the maximum projection was performed by subdividing the picture in 256 3 256-pixel windows to avoid reflecting cuticle wrinkles in the projected image. Tissue-scale images shown in Figures 2A, 2B, 4I , and S4D and Video S1 were processed through the subtract background function in Fiji [55] .
Vertex model
The cell-vertex model quantitatively accounts for the packing geometry of normal epithelial cells and predicts the forces that act at cell-cell interfaces, where cell configurations are described as polygons whose vertices form tricellular junctions that are subject to mechanical force [22, 34, 35] . Cells change their shape based on the force balance of cell packing. The primary model used here is represented by the ordinary differential equations of the position vector of each vertex [35] :
E(i) is the set of edges incident to vertex i, and F(i) is the set of faces to which vertex i belongs. The tensional force F tension is exerted to a vertex i by the connecting edges between vertices i and j, where the edge length d ij converges to the preferred length l 0 . The internal pressure F pressure is exerted on a vertex i by the cell face a to which a vertex i belongs, where F pressure increases as the area of cell a (A a ) decreases and the edge length (d ij ) increases. The magnitude of F tension and F pressure are controlled by the parameters G ij and n H , respectively. For all figures in this paper, except for Figures S1F, S1G, S3A-S3G, and S3J (examining the parameter dependency) and Figure S2 (using the other model formulation), the parameter values were set at G ij = 5, l 0 = 0.0001, and n H = 1. The parameter accounted for cell packing geometry of non-competitive tissue in Drosophila (Figures S1A and S1B), and did not dramatically affect the emergence of cell deformation due to differential proliferation rates (Figures S1F, S1G, and S3A-S3C) or asymmetric area expansion induced by apoptosis ( Figures S3D, S3F, and S3J) .
To test validity of the numerical results independent of the model details, we also examined another vertex model [22] assuming three types of forces, F area elasticity , F tension , and F contractility :
The area elasticity F area elasticity is exerted on a vertex i by the face a to which a vertex i belongs, where area of cell a (a a ) approaches the normalized preferred area of unity. The tension F tension is exerted on a vertex i by the connecting edges between vertices i and j, where F tension increases as the edge length between vertices i and j (l ij ) increases. The contraction F contractility is exerted to a vertex i by the contractility of cell perimeter l a , which is provided by actomyosin contractile force. The parameters were set to L = 0:06 and G = 0:02 (Figures S1A, S1B, and S2).
Both models (Equation 1 and Equation 2) were integrated numerically using the Euler method with free boundary conditions. To achieve a mechanical equilibrium of tissue state, the position vector of each vertex was calculated after each step until the total velocity of all vertices dropped below a threshold of 1.0. Cell intercalation was incorporated when edges with a length below the threshold 0.001 were maintained for 8.3 3 10 À4 normalized time [/loser cell cycle], noting that the intercalation during apoptotic cell delamination was introduced independent of this rule (see Section ''Apoptosis simulations''). All simulation results were visualized by Processing language (https://processing.org/).
Proliferation in simulations
Each cell divides when the residence time t in the cell cycle becomes zero. Total duration of cell cycle obeys gamma distribution with the following probability densities:
where GðkÞ is the gamma function with k = 25.0, following an earlier report [60] . The average and the standard deviation are given by T and T= ffiffi ffi k p , respectively, with T = 6 for slower dividing cells ðT slow Þ. In case of the differential proliferation, the average cell cycle of slower dividing cells ðT slow Þ divided by that of faster dividing cells ðT fast Þ represents a ratio of the division rates of clones (i.e., T slow =T fast ). The simulation time is represented in normalized time [/loser cell cycle], which is divided by T slow (loser cell cycle). Although the cell area decreases to half of the original cell area after cell division, it increases subsequently as the cell achieves mechanical equilibrium, following the model formulations (Equation 1 and Equation 2 ). The orientation of the mitotic cleavage plane obeys the long axis rule [35] , where the plane passing through the shorter axis is defined by calculating inertial tensor of each cell using the position of the vertices [37] . Apoptosis in simulations For apoptosis, several cell intercalation (T1) events were introduced sequentially [7, 24] to incorporate the loss of junctional neighbors (1 intercalation / 1.7 3 10 À3 normalized time [/loser cell cycle]). As the apoptotic cell becomes triangular in shape, it is eliminated by the T2 transition [22, 34] . The intercalation was preferentially introduced on the shorter edge of the apoptotic cell, following the probability P i (except for Figures 6B, S6D , and S6E): 
QUANTIFICATION AND STATISTICAL ANALYSIS
Calculation of cell shape anisotropy To evaluate cell shape anisotropy, we used two calculation method, ''cell anisotropy'' and ''clone-boundary-oriented cell anisotropy.'' Cell anisotropy was calculated from the inertial tensor of each cell using the positions of the vertices [37] . The anisotropy a i of a cell i is represented by the length of long axis l and short axis s calculated from the eigenvalues of the tensor:
Clone-boundary-oriented cell anisotropy c i of a cell i is represented by the product of cell anisotropy a i (Equation 5) and cosine q j , angle of its long axis relative to the clone boundary edges j:
where < > j denotes the average for all boundary edges belonging to cell i.
Cell area and shape in fixed-sample imaging Positions of vertices (junctions) of wild-type cells located at the clone boundary were manually extracted with ImageJ [54] or Fiji [55] . Because epithelial cells in the wing disc are columnar in shape, each vertex was measured at the focal plane of the apical surface, identified by anti-E-cadherin or phalloidin staining. The cell area was calculated from the positions of the vertices by considering a cell a polygon. Strength of cell shape anisotropy was calculated using Equation 5 ( Figures 1A, 1B , and S1I).
Image segmentation
Epithelial cells were segmented using Fiji plugin Tissue Analyzer [41, 61] . Segmentation procedure is as follows: 
